Missouri University of Science and Technology

Scholars' Mine
Chemistry Faculty Research & Creative Works

Chemistry

01 Jan 2001

Structural, Magnetic, and Mössbauer Spectral Study of Er₂Fe₁₇
Er Fe
and Its Hydrides
Fernande Grandjean
Missouri University of Science and Technology, grandjeanf@mst.edu

Olivier Isnard
Dimitri Hautot
Gary J. Long
Missouri University of Science and Technology, glong@mst.edu

Follow this and additional works at: https://scholarsmine.mst.edu/chem_facwork
Part of the Chemistry Commons

Recommended Citation
F. Grandjean et al., "Structural, Magnetic, and Mössbauer Spectral Study of Er₂Fe₁₇ and Its Hydrides,"
Physical Review B (Condensed Matter), vol. 63, no. 1, pp. 144061-1440610, American Physical Society
(APS), Jan 2001.
The definitive version is available at https://doi.org/10.1103/PhysRevB.63.014406

This Article - Journal is brought to you for free and open access by Scholars' Mine. It has been accepted for
inclusion in Chemistry Faculty Research & Creative Works by an authorized administrator of Scholars' Mine. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

PHYSICAL REVIEW B, VOLUME 63, 014406

Structural, magnetic, and Mössbauer spectral study of Er2Fe17 and its hydrides
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Dimitri Hautot and Gary J. Long‡
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The structural and magnetic properties of the Er2Fe17Hx compounds, where x is 0, 1, 2, 3, and 3.8, have been
investigated by means of powder x-ray diffraction, thermal and ac magnetic susceptibility measurements, and
iron-57 Mössbauer spectroscopy. The Er2Fe17Hx compounds crystallize in the hexagonal P6 3 /mmc space
group with the Th2Ni17-like structure, a structure which has both an iron-rich stoichiometry and disorder of the
erbium and iron–iron 4 f – 4 f dumbbell sites. The increase in the lattice parameters, the magnetic ordering
temperature, the saturation magnetization, and the dependence of the Mössbauer spectral hyperfine parameters
upon the hydrogen content reveal a two-step filling of the interstitial sites, with hydrogen first filling the
octahedral 6h sites for x⬍3 and then partially filling the tetrahedral 12i sites for x⫽3 and 3.8. Neither the
Mössbauer spectra nor the ac magnetic susceptibility measurements reveal any spin reorientation in any of
these compounds. In all of the compounds both the excess amount of iron and the expected disorder is
confirmed by the Mössbauer spectra and the hyperfine parameters of the iron 4e site are reported herein.
Finally, the Mössbauer spectra indicate that the interstitial hydrogen atoms partially occupying the tetrahedral
12i sites are jumping between these sites on the Mössbauer time scale.
DOI: 10.1103/PhysRevB.63.014406

PACS number共s兲: 76.80.⫹y, 75.50.Bb, 75.50.⫺y

I. INTRODUCTION

The insertion of interstitial hydrogen into the crystal
structure of a compound generally induces dramatic changes
in its physical, electronic, and magnetic properties. Further,
for intermetallic magnetic compounds, either hydrogen
decrepitation1 or hydrogen decomposition desorption and
recombination,2,3 yield small magnetic particles which are
very useful in the manufacture of new high performance permanent magnets.
Ferromagnetic iron rich R 2 Fe14B and R 2 Fe17 compounds,
where R is a rare-earth, have been shown4–7 to absorb large
amounts of hydrogen, an absorption that leads to hydrides
which are stable at ambient temperature and pressure. Many
interesting changes have been observed upon the insertion of
interstitial hydrogen into the various R 2 Fe17 compounds,
changes which include a modification of the crystal field
experienced by the rare-earth,8 an increase in the
magnetization,7,9 and even, in some cases, an increase in the
magnetic ordering temperature.7
The R 2 Fe17 compounds with the lighter rare-earth atoms
are found to crystallize in the rhombohedral R-3m space
group with the Th2Zn17-like structure. In contrast, for the
heavier rare-earth atoms the R 2 Fe17 compounds crystallize in
the hexagonal P6 3 /mmc space group with the Th2Ni17-like
structure; the change usually occurs at gadolinium and results from the lanthanide contraction with increasing rareearth atomic number. Typically the rhombohedral compounds are very close to or exactly stoichiometric and have
completely ordered crystal structures. In contrast, the hexagonal compounds can be either stoichiometric or nonstoi0163-1829/2000/63共1兲/014406共10兲/$15.00

chiometric, usually with a rare-earth deficiency, and/or can
have disordered crystal structures.
Detailed Mössbauer spectral studies have been
reported10–13 on R 2 Fe17, where R is Ce, Pr, Nd, and Gd, and
their hydrides, all of which have the ordered rhombohedral
structure, and on Dy2Fe17 and its hydrides,14 which have the
disordered hexagonal structure. Both a slowing down of the
jumping of hydrogen between the partially occupied tetrahedral 18g sites and a magnetic spin reorientation have recently
been discovered10,15 in Pr2Fe17Hx through Mössbauer spectral studies. In contrast, no such slowing down or magnetic
spin reorientation is observed11,14 in either Nd2Fe17Hx or
Dy2Fe17Hx . The existence of a spin reorientation in
Pr2Fe17Hx , for x greater than 2, has been attributed10,15 to the
positive Steven’s coefficient, ␥ J , of praseodymium.
Because erbium, as well as samarium and holmium, has a
positive16 Steven’s coefficient, ␣ J , it is expected that a
change in chemical composition, the application of pressure
or a magnetic field, could induce a spin reorientation in
Er2Fe17. Indeed, a spin reorientation has been observed in the
Er2Fe17Cy interstitial carbides17–19 with y⬎1, in
Er2Fe17N3, 20–23 and in the pseudobinary Er2Fe17⫺x M x
compounds,24–26 where M is Mn, Co, and Ga. In all of these
compounds, the magnetization rotates away from the c axis
toward the basal plane with increasing temperature; the temperature at which this spin reorientation occurs is sensitive to
the amount, y, of interstitial carbon or nitrogen or to the
amount, x, of metal substitution and is typically between 100
and 295 K. Because of the sensitivity of the spinreorientation temperature to chemical composition, complex
such
as
Er2Fe17Cy Nz
and
compositions,21,27,28
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Er2Fe17⫺x Alx Ny , have been studied. Pressure29,30 induced
and magnetic field31–33 induced spin reorientations have also
been observed in Er2Fe17.
Because Er2Fe17 and its hydrides crystallize7 in the hexagonal P6 3 /mmc space group, they exhibit atomic disorder,
a disorder which was first reported34 in 1969 for Er2Fe17 and
is most likely comparable to that found6 in Ho2Fe17. This
disorder manifests34 itself as an additional substitution of erbium by 4e iron dumbbell atom pairs. Also, because both
Steven’s coefficients, ␣ J and ␥ J , are positive for erbium16 a
search for a spin reorientation in the hydrides of Er2Fe17 is
worthwhile. Further, because of the lanthanide contraction
across the series of R 2 Fe17Hx compounds, the maximum
number of interstitial hydrogen atoms in Er2Fe17 is 3.8 and
not 5 as is found10,15 in Pr2Fe17Hx . This partial filling of the
tetrahedral interstitial 12i hydrogen site may also influence
the dynamic nature of hydrogen in Er2Fe17H3.8 and
Er2Fe17D3.8.
For the above reasons we present herein an x-ray diffraction, magnetic, and Mössbauer spectral study of the
Er2Fe17Hx compounds, where x varies from 0 to 3.8 and of
Er2Fe17D3.8.

II. EXPERIMENT

Polycrystalline Er2Fe17 was prepared6,9 by melting, in a
high frequency induction furnace, purer than 99.95 percent
metals placed in a cold copper crucible under a purified argon atmosphere. In order to optimize the sample homogeneity, small pieces of the resulting ingot were wrapped in tantalum foil, sealed in an evacuated silica tube, and annealed at
1270 K for at least two weeks. Because the starting ingot
composition was slightly rich in iron, the actual ingot composition was Er2Fe17.5. This latter composition completely
agrees with the homogeneity range of the Er2Fe17 phase
found34 in the Er–Fe phase diagram. Further, the homogeneity range of R 2 Fe17, where R is a heavy rare earth is also
known35 to broaden with increasing rare-earth atomic number.
The hydrogenation of Er2Fe17.5 to form Er2Fe17.5H3.8 was
performed at 373 K in a stainless steel autoclave under a
hydrogen pressure of ca. 5 MPa. The hydrogen content was
controlled by measuring the change in hydrogen vapor pressure in the autoclave and was determined by gravimetric
analysis. The accuracy of the hydrogen content is estimated
to be ⫾0.1 hydrogen atoms per formula unit, an accuracy
which has been confirmed10,36 in related R 2 Fe17 compounds
through neutron diffraction studies. The preparation of
Er2Fe17D3.8 was carried out in a similar fashion by replacing
hydrogen with deuterium. Samples with an intermediate hydrogen concentration were obtained by heating the appropriate mixture of Er2Fe17.5 and Er2Fe17.5H3.8 in a sealed tube. In
order to both promote hydrogen diffusion and to optimize the
sample homogeneity, the sample was heated three times
from room temperature to 570 K over a period of 2 to 3
hours. The resulting homogeneity was checked by conventional x-ray powder diffraction with iron K␣ 1 radiation. In all
cases no Bragg peaks corresponding to ␣-iron were observed

in the x-ray diffraction pattern and no sextet corresponding
to ␣-iron was observed in the Mössbauer spectra.
High accuracy lattice parameters have been obtained with
a Guinier-type focusing camera and a monochromatic x-ray
beam containing only iron K␣ 1 radiation. Powdered silicon
was added to the sample as an internal lattice parameter standard. The diffraction pattern was recorded on x-ray film
which was subsequently scanned with a 20 m step in order
to extract the relative diffraction intensities. The indexation
of the Bragg peaks was carried out for a hexagonal unit cell,
a cell which is compatible with the hexagonal P6 3 /mmc
space group. The lattice parameters were then obtained by a
least squares refinement which used 25 observed Bragg reflections, a refinement which leads to an accuracy of ca.
⫾0.002 Å for both the a and c lattice parameters.
The magnetic ordering temperatures have been determined with a Faraday torque balance at a heating and cooling rate of 5 K per minute. A sample of ca. 50 to 100 mg was
sealed under a vacuum in a small silica tube in order to
prevent oxidation of the sample during heating. The saturation magnetization of Er2Fe17 and Er2Fe17H3.8 was
determined37 at 5 K by the extraction method in a continuous
field of up to 7 T. The 4.2 to 295 K ac magnetic susceptibility has been determined with a computer controlled mutual
inductance susceptometer38 which used an exciting field of 1
Oe at a frequency of 120 Hz. A lock-in amplifier has been
used to measure the complex susceptibility,  ac⫽  ⬘ ⫺ j  ⬙ ,
where  ⬘ is the initial susceptibility and is related to the
variation in the magnetization of the sample and  ⬙ is nonzero when magnetic energy is absorbed by the sample.
Mössbauer spectral absorbers of ca. 36 mg/cm2 were prepared from powdered samples which had been sieved to a
0.045 mm or smaller diameter particle size. The Mössbauer
spectra have been obtained between 4.2 and 295 K on a
constant-acceleration spectrometer which utilized a rhodium
matrix cobalt-57 source and was calibrated at room temperature with ␣-iron foil. The studies were carried out in a Janis
Supervaritemp cryostat in which the samples were never exposed to a vacuum. The spectra have been fit as discussed
below and the estimated errors are at most ⫾1 kOe for the
hyperfine fields, ⫾0.002 mm/s for the isomer shifts, and
⫾0.005 mm/s for the quadrupole shifts.
III. STRUCTURAL AND MAGNETIC RESULTS

Structural properties. The complex disordered hexagonal
Th2Ni17-like structure with the P6 3 /mmc space group,
adopted by the R 2 Fe17 compounds, where R is a heavy rareearth element, has been extensively discussed14 in our previous paper on Dy2Fe17. The reader should consult Fig. 1 of
Ref. 14 for details of the substitutional disorder of the rare
earth by dumbbell iron–iron pairs, a disorder which has been
confirmed by high resolution neutron diffraction studies6,39,40
of Ho2Fe17, by x-ray diffraction studies40,41 of Lu2Fe17 and
Y2Fe17, and by single crystal neutron diffraction studies39,40
of Tm2Fe17 and Lu2Fe17. The observed degree of disorder is
known to depend upon the method of preparation and/or
upon the initial stoichiometry of the preparative mixture. Unfortunately, it is very difficult to determine the degree of
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TABLE I. Structural parameters and magnetic ordering temperatures for Er2Fe17Hx . a

Er2Fe17Hx

a, Å

c, Å

V, Å3

⌬V/x,
Å3/atom

Tc , K

Er2Fe17
Er2Fe17H
Er2Fe17H2
Er2Fe17H3
Er2Fe17H3.8

8.431共1兲
8.455共2兲
8.484共2兲
8.520共1兲
8.540共2兲

8.280共2兲
8.293共2兲
8.298共2兲
8.310共1兲
8.321共2兲

509.7共3兲
513.5共4兲
517.2共4兲
522.4共2兲
525.5共4兲

1.9
1.9
2.1
2.1

315共5兲
378共4兲
428共4兲
482共4兲
498共4兲

a

The corresponding error bars are given in parentheses.

disorder from powder x-ray diffraction studies on Er2Fe17.
Hence, because the sample of Er2Fe17 studied herein was
prepared by a method essentially identical to that of Ho2Fe17,
it is reasonable to assume that the degree of disorder is the
same in the two compounds. Thus, the nominal Er2Fe17 stoichiometry is best represented by Er2Fe17.5 and the statistical
occupations of the 2b, 2c, and 2d rare-earth sites are 75.6,
16.0, and 100 percent, respectively, and the statistical occupations of the 4e and 4 f iron dumbbell sites are 24.4 and
84.0 percent, respectively; the remaining iron sites are fully
occupied. The lattice parameters and the unit-cell volume of
Er2Fe17 are given in Table I and they agree very well with
previously published34,35 values.
Hydrogen content. The lattice parameters and unit cell
volumes of Er2Fe17Hx , which crystallize in the P6 3 /mmc
space group, are given in Table I. The maximum amount of
hydrogen which can be inserted into Er2Fe17 was found to be
3.8 hydrogen atoms per formula unit, a value which is consistent with those reported,6,7 for rare-earth atoms of similar
size, i.e., for Ho2Fe17Hx . The 3.8 hydrogen atoms are significantly less than the five atoms which can be inserted into
the rhombohedral R 2 Fe17 compounds formed with lighter
rare-earth atoms such as Ce, Pr, Nd, Sm, or Gd.
Neutron diffraction experiments6,36 indicate that two different interstitial sites can accommodate hydrogen, the octahedral 6h sites, which are most favored by hydrogen and the
tetrahedral 12i sites which are located near the rare-earth
atoms. For rare-earth atoms heavier than gadolinium, the
maximum amount of hydrogen is smaller than for the lighter
rare-earth atoms because of the effect of the lanthanide contraction upon the volume of the interstices and because of the
rare-earth stoichiometric deficiency and the preference of hydrogen to bond with the rare-earth atoms. Figure 1 indicates
a close to linear correlation between the maximum hydrogen
content and the R 2 Fe17 unit-cell volume. As shown in this
figure, Ce2Fe17 seems to be an exception to this correlation,
most likely because of the tendency of the valence state of
cerium to approach the tetravalent state.
Compositional dependence of the lattice parameters. The
lattice parameters and unit-cell volumes of the Er2Fe17Hx
compounds are given in Table I. The a lattice parameter
increases linearly with a slope of 0.0294 Å per hydrogen
atom in Er2Fe17Hx , a slope which is larger than the values of
0.0265 and 0.0281 observed10,14 in Dy2Fe17Hx and
Pr2Fe17Hx , respectively. The c lattice parameter also increases linearly with x with a slope of 0.0103 Å per hydro-

FIG. 1. The maximum hydrogen content as a function of the
R 2 Fe17 unit-cell volume. The hexagonal and rhombohedral compounds are designated by 䊉 and 䊏, respectively. For comparison
purposes the hexagonal unit-cell volumes have been multiplied by
1.5. Error bars are shown only for Ce2Fe17 but are similar for all the
remaining compounds. Data obtained in part from Ref. 7.

gen atom. The linear increase with x between zero and 3.8 is
different than the sharp nonlinear increase observed10,14 in
the c parameter for x greater than 3 in both Dy2Fe17Hx and
Pr2Fe17Hx . The insertion of hydrogen into the Er2Fe17 lattice
induces a linear increase of the unit-cell volume with a slope
of 2.1 Å3 per hydrogen atom.
Previous structural studies of R 2 Fe17Hx , where R is Ce,
Pr, Nd, Gd, and Dy, have indicated10–15,36 that the hydrogen
atoms occupy the interstitial sites in two stages, first, the
octahedral sites and second, the tetrahedral sites, stages
which are similar for both the rhombohedral and the hexagonal structures. This two stage occupation is clearly indicated
by the discontinuity in the compositional dependence of the
lattice parameters and unit cell volume at x greater than 3.
No such discontinuity is observed for Er2Fe17Hx . The absence of any discontinuity may result from the lanthanide
contraction and the consequent partial filling of the tetrahedral site by hydrogen in Er2Fe17Hx at x values less than 3. As
will be noted below, this hypothesis is confirmed by the
compositional dependence of the Mössbauer hyperfine parameters.
Magnetic ordering temperature. The magnetic ordering
temperatures, T c , of the Er2Fe17Hx compounds, for x⭓1,
obtained from thermomagnetic measurements, see Fig. 2,
and of Er2Fe17 obtained from the Mössbauer spectral study,
see below, are given in Table I. It should be noted that, for
some unknown reason, the ordering temperature of Er2Fe17,
as determined from the ac susceptibility measurements, see
Fig. 3共a兲 is lower by ca. 20 K than the value reported in
Table I. As is indicated in Table I, T c increases linearly with
a slope of 55.1 K per hydrogen atom in Er2Fe17Hx for x
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FIG. 2. The temperature dependence of the magnetization of
Er2Fe17Hx .

values between 0 and 3 and then increases by only 16 K for
a further 0.8 increase in x. The increase in T c observed upon
hydrogen insertion is a common feature42 of the R 2 Fe17 compounds, a feature which is related, at least in part, to the unit
cell expansion, an expansion which favors ferromagnetic exchange interactions. The compositional dependence of T c
observed herein for Er2Fe17Hx is very similar to that
reported14 for the Dy2Fe17Hx compounds and confirms that
hydrogen insertion on the tetrahedral 12i sites is less effective in increasing T c than is insertion on the octahedral 6h
sites. This interpretation is also supported by the positive
correlation43 between the iron–iron interatomic distance
within the iron dumbbell and the occupancy of the octahedral
6h sites by hydrogen.
Saturation magnetization and ac susceptibility. The saturation magnetization at 5 K is 17.9 and 17.1  B per formula
unit for Er2Fe17 and Er2Fe17H3.8, respectively. The value of
17.9  B per formula unit obtained for Er2Fe17 is in good
agreement with the previously measured44 value. Because of
the decrease at higher temperatures of the antiferromagnetic
contribution of the erbium sublattice to the magnetization,
the saturation magnetization of Er2Fe17H3.8 increases to
23.6  B per formula unit at 295 K.
Both components of the ac magnetic susceptibility for
Er2Fe17, Er2Fe17H2, Er2Fe17H3, and Er2Fe17H3.8 are shown as
a function of temperature in Fig. 3. The corresponding
curves for Er2Fe17H are similar to those of Er2Fe17H2. The
dramatic drop in the ac magnetic susceptibility of Er2Fe17 is
associated with the ferrimagnetic to paramagnetic transition
at ca. 295 K. As mentioned above, previous studies have
revealed that carbon17,19 and nitrogen20,21 insertion or Mn,
Co, or Ga substitution for iron24–26 in Er2Fe17 and hydrogen
insertion10 into rhombohedral Pr2Fe17 induces a magnetic
spin reorientation. Thus ac susceptibility measurements have
been performed on the Er2Fe17Hx compounds in order to
search for a similar spin reorientation. This technique is
known45 to be very sensitive to changes in the magnetization
direction in rare-earth and transition-metal intermetallic
compounds. In the case of the hydrides a smooth shoulder is
observed in the real portion,  ⬘ , of the ac susceptibility centered at ca. 120, 125, 90, and 60 K for x⫽1, 2, 3, and 3.8,
respectively. However no anomaly in the imaginary portion,
 ⬙ , of the ac susceptibility is associated with this shoulder,
indicating that no absorption of magnetic energy is associ-

FIG. 3. The temperature dependence of the real,  ⬘ , and the
imaginary,  ⬙ , portions of the ac magnetic susceptibility of Er2Fe17,
solid lines, and Er2Fe17H2, dashed lines 共a兲 and Er2Fe17H3, solid
lines, and Er2Fe17H3.8, dashed lines 共b兲. To avoid overlap 5 emu/
共Oe mol兲 has been added to the values for Er2Fe17 and Er2Fe17H3.

ated with the shoulder, an absorption of energy which is
expected if there is as a spin reorientation at these temperatures. Hence, the shoulder in the real portion of the ac susceptibility is not related to a spin reorientation. The absence
of a spin reorientation is also confirmed by the Mössbauer
spectral results, see below, and is consistent with the
decrease8 in the crystal field at the rare-earth nucleus upon
hydrogenation. However, the shoulder observed in the real
portion,  ⬘ , of the ac susceptibility is reminiscent of the
anomaly reported46–49 in several R 2 Fe14B compounds, in
Sm2Fe17, and in CeFe2, and associated with a magnetic after
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FIG. 4. The 320 K Mössbauer spectrum of Er2Fe17.

effect. The fundamental nature of this anomaly is not understood at this time.
IV. MÖSSBAUER SPECTRAL RESULTS

The Mössbauer spectra of Er2Fe17, obtained between 4.2
and 320 K, are shown in Figs. 4–6. Recently, very poor
quality Mössbauer spectra21 of Er2Fe17, obtained between 18
and 310 K, have been analyzed in terms of a model which
ignores the structural disorder in Er2Fe17. This disorder
introduces14 a total of five crystallographically inequivalent
iron sites, i.e., the 4e, 4 f , 6g, 12j, and 12k sites. The Mössbauer spectra of Er2Fe17 indicate that T c is 315⫾5 K. The
high resolution 320 K Mössbauer spectrum of Er2Fe17, see
Fig. 4, permits a detailed spectral analysis which was not
possible with the earlier poorly resolved21 spectrum at 310
K. A fit with four symmetric doublets of relative areas
4:6:12:12, assigned to the 4 f , 6g, 12j, and 12k sites, respectively, failed to fit the inner side of the line at 0.2 mm/s. The
missing absorption is clearly an indication of iron occupation
of the 4e site. Indeed, as is shown in Fig. 4, a fit with five
symmetric doublets with relative areas of 4.4, 10.1, 17.1,
34.2, and 34.2 percent, assigned to the 4e, 4 f , 6g, 12j, and
12k sites, respectively, is excellent; the corresponding hyperfine parameters are given in Table II. It is clear that several

FIG. 6. The 85 K Mössbauer spectra of Er2Fe17Hx .

FIG. 5. The 4.2 K Mössbauer spectra of Er2Fe17 共a兲 and
Er2Fe17H3.8 共b兲.

satisfactory alternative fits of this spectrum can be obtained
with five symmetric doublets. However, the fit shown in Fig.
4 agrees with the fit13 of the paramagnetic spectrum of
Ce2Fe17 and, further, the resulting isomer shifts and quadrupole splittings are consistent with the corresponding parameters obtained below the ordering temperature, see below.
The 4.2 K spectrum, shown in Fig. 5, agrees well with the
earlier spectrum obtained50 at 15 K. Because of the point
symmetry of the five iron sites and the basal orientation of
the magnetization in Er2Fe17, there are eight magnetically
inequivalent iron sites, i.e., the 4e, 4 f , 6g 4 , 6g 2 , 12j 8 ,
12j 4 , 12k 8 , and 12k 4 sites. In the earlier Mössbauer spectral
study50 of Er2Fe17, the disorder was ignored and an additional subdivision of the 12j site was used, a subdivision
which was based upon a calculation51 of the dipolar fields in
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TABLE II. Mössbauer spectral hyperfine parameters for Er2Fe17Hx .
x
H, kOe

0

1
2
3
3.8

␦,a mm/s

0

1
2
3
3.8

QS,b mm/s

0

1
2
3
3.8

Area, %

a

0
1
2
3
3.8

T, K

4f

4.2
85
295
85
295
85
295
85
295
4.2
85
295

367
352
144
349
242
344
275
340
285
345
342
290

4.2
85
295
320
85
295
85
295
85
295
4.2
85
295

0.185
0.175
⫺0.040
⫺0.030
0.158
0.010
0.150
0.040
0.140
0.02
0.140
0.135
0.030

4.2
85
295
320
85
295
85
295
85
295
4.2
85
295

4e
385
365
165
364
264
362
307
362
307
370
366
303

6g 4

6g 2

12j 8

12j 4

12k 8

12k 4

Wt. Avg.

333
314
110
314
208
308
240
305
254
313
311
257

313
294
98
291
195
312
245
317
262
325
323
270

322
308
112
304
204
295
232
292
244
303
301
255

285
272
71
298
201
295
232
291
239
301
300
262

288
273
72
275
178
271
209
269
223
280
279
235

290
276
71
254
157
250
192
251
203
260
260
215

315
300
98
298
198
293
230
295
244
304
302
255

0.195
0.190
0.020
0.010
0.205
0.070
0.195
0.075
0.195
0.065
0.180
0.165
0.070

⫺0.035
⫺0.035
⫺0.145
⫺0.200
⫺0.028
⫺0.150
⫺0.040
⫺0.135
⫺0.008
⫺0.100
0.015
0.015
⫺0.060

⫺0.035
⫺0.035
⫺0.145
⫺0.200
⫺0.028
⫺0.150
⫺0.040
⫺0.135
⫺0.008
⫺0.100
0.015
0.015
⫺0.060

0.048
0.033
⫺0.100
⫺0.100
0.034
⫺0.080
0.040
⫺0.070
0.061
⫺0.055
0.070
0.065
⫺0.035

0.048
0.033
⫺0.100
⫺0.100
0.034
⫺0.080
0.040
⫺0.070
0.061
⫺0.055
0.070
0.065
⫺0.035

0.000
⫺0.010
⫺0.140
⫺0.150
⫺0.010
⫺0.125
0.010
⫺0.090
0.039
⫺0.062
0.050
0.050
⫺0.045

0.000
⫺0.010
⫺0.140
⫺0.150
⫺0.010
⫺0.125
0.010
⫺0.090
0.039
⫺0.062
0.050
0.050
⫺0.045

0.039
0.029
⫺0.110
⫺0.121
0.028
⫺0.092
0.031
⫺0.073
0.057
⫺0.051
0.087
0.066
⫺0.031

⫺0.050
⫺0.050
0.010
0.040
⫺0.100
⫺0.100
⫺0.100
⫺0.100
⫺0.020
⫺0.020
⫺0.020
⫺0.020
⫺0.020

⫺0.020
⫺0.020
⫺0.020
0.040
0.020
0.020
0.020
0.020
0.020
0.020
0.040
0.040
0.040

⫺0.310
⫺0.310
⫺0.420
⫺0.560
⫺0.340
⫺0.340
⫺0.380
⫺0.380
⫺0.430
⫺0.400
⫺0.400
⫺0.400
⫺0.400

0.220
0.220
0.140

0.620
0.620
0.600
⫺0.280
⫺0.320
⫺0.400
⫺0.400
⫺0.400
⫺0.400
⫺0.350
⫺0.350
⫺0.320

0.250
0.200
0.040
⫺0.644
0.210
0.170
0.160
0.160
0.130
0.210
0.100
0.100
0.120

⫺0.530
⫺0.530
⫺0.420

0.260
0.260
0.330
0.330
0.270
0.210
0.270
0.270
0.150

0.135
0.135
0.180
0.655
0.230
0.220
0.240
0.200
0.270
0.210
0.270
0.260
0.230

10.60
10.60
9.98
9.95
10.10

3.35
3.40
3.17
4.55
5.38

11.47
11.45
11.58
11.40
11.36

5.74
5.72
5.79
5.70
5.78

11.47
11.45
11.58
11.40
11.36

22.94
22.90
23.16
22.80
22.78

11.47
11.45
11.58
11.40
11.36

22.94
22.90
23.16
22.80
22.78

0.140
0.180
0.100
0.200
0.120
0.170
0.120
0.140
0.140

The isomer shifts are given relative to room temperature ␣-iron foil.
QS are the quadrupole shift values, except for Er2Fe17 at 320 K, where QS are quadrupole splitting values.

b

Y2Fe17. However, it seems that the calculated orientation of
the dipolar field which gives rise to this additional subdivision is not compatible with the orientation of the magnetization in the basal plane of Er2Fe17. Hence, the fits shown in
Figs. 5共a兲 and 6 have been obtained with eight magnetic

sextets assigned to the 4e, 4 f , 6g 4 , 6g 2 , 12j 8 , 12j 4 , 12k 8 ,
and 12k 4 sites in Er2Fe17.
The line shape, the width, and the relative area of the
absorption at the highest velocity in Figs. 5共a兲 and 6 indicate
the presence of iron on the 4e site. The usual constraint on
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the equality of the isomer shifts of the crystallographically
equivalent and magnetically inequivalent sites has been used
in all of these fits. Further, one linewidth of 0.31 mm/s at 4.2
K and of 0.32 mm/s at all the remaining temperatures was
used for all components in the spectra. The hyperfine parameters resulting from the fits at 4.2, 85, and 295 K, as well as
the relative areas of the sextets, are given in Table II. Because of the atomic disorder discussed above, the relative
areas of the spectral components of the iron 4e, 4 f , 6g, 12j,
and 12k sites, are expected,6 on the basis of the disorder
observed for Ho2Fe17, to be 2.84, 9.79, 17.47, 34.95, 34.95
percent, respectively. Even though these relative areas have
not been constrained to these values, the best fit values agree
reasonably with these expected values.
Between 4.2 and 320 K the 4e iron site is characterized
by the largest isomer shift, as is expected for a site which
shows the same 3m local symmetry as that of the 4 f site and
has a larger Wigner–Seitz cell volume. Among the remaining isomer shifts, see Table II, the 4 f isomer shift is the
largest and the 6g isomer shift is the smallest, values which
are in agreement both with the results obtained10,13,52–57 on
the R 2 Fe17 compounds, where R is Y, Ce, Pr, Nd, Sm, Tb,
and Th, and with their respective Wigner–Seitz cell volumes. The sequence of hyperfine fields, 4e⬎4 f ⬎6g⬎12j
⬎12k, at all temperatures, is also identical, with the exception of the addition of the 4e site, to the sequence
observed10,13,52–57 for the R 2 Fe17 compounds, where R is Y,
Ce, Pr, Nd, Sm, Tb, and Th. Further, this sequence agrees
with that of the number of iron near neighbors, 10⫽10⬎9
⫽9⬎8. It should be noted that the iron–iron dumbbell distance is typically longer6,39 in the 4e than in the 4 f site, a
longer distance which favors ferromagnetic exchange and increases the hyperfine field.
The 4.2 K Mössbauer spectrum of Er2Fe17H3.8 and the 85
K spectra of the Er2Fe17Hx compounds are shown in Figs. 5
and 6, respectively. It is clear that the Mössbauer spectra of
the hydrides show less detail than those of Er2Fe17. The presence of a sextet with a large hyperfine field, the sextet which
gives rise to an absorption line at the extreme right of the 85
K spectra, see Fig. 6, is a clear signature of the sextet assigned to the 4e site and arising from the structural disorder.
Hence, the spectra of the hydrides have also been fit with an
eight sextet model, as was the case for Er2Fe17. One linewidth of 0.32 mm/s was used for all spectra. The resulting
hyperfine parameters and relative areas of the eight sextets
are also given in Table II and their temperature dependence
is discussed below. The relative areas of the hydride sextets,
see Table II, indicate that there is little, if any, hydrogen
compositional dependence of the atomic disorder. Because
of the method used to prepare the hydrides, the same atomic
disorder and excess iron stoichiometry are expected in all of
the compounds.
The temperature dependence of the five isomer shifts in
Er2Fe17Hx follow the expected second order Doppler shift
and that of the weighted average for Er2Fe17 and Er2Fe17H3.8
is shown in Fig. 7. The solid lines in Fig. 7 are the result of
a least squares fit58 with a Debye model for the second order
Doppler shift and the fits correspond to Debye temperatures
of 265 and 360 K, and effective vibrating masses of 57 and

FIG. 7. The temperature dependence of the weighted average
isomer shifts in Er2Fe17 and Er2Fe17H3.8. The solid lines are the
result of least squares fits with a Debye model. The error bars are
approximately the size of the data points.

75 g/mol, for Er2Fe17 and Er2Fe17H3.8, respectively. These
values indicate that the lattice of Er2Fe17H3.8 is more rigid
and tightly bound than the lattice of Er2Fe17, no doubt because of the insertion of hydrogen into the lattice and the
added covalency which results.
The compositional dependence of the 85 K isomer shifts
of Er2Fe17Hx , where x is 0, 1, 2, 3, and 3.8, is shown in Fig.
8. In all the compounds, the 4e and 4 f sites have the largest
isomer shifts and the 6g site has the smallest isomer shift,
values which are in agreement with the results obtained10–14
on the hydrides of R 2 Fe17, where R is Ce, Pr, Nd, Sm, Gd,
and Dy. The 4e and 4 f isomer shifts show little variation
with x, probably because of the smaller expansion of the
lattice along the c axis as compared to the larger expansion
along the a axis. The 6g, 12j, and 12k isomer shifts increase

FIG. 8. The compositional dependence of the 85 K isomer shifts
in Er2Fe17Hx . The error bars are approximately the size of the data
points.
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FIG. 10. The compositional dependence of the 85 K site
weighted average hyperfine fields in Er2Fe17Hx . The error bars are
approximately the size of the data points.

The solid lines in Fig. 9共b兲 are the result of a least squares
fit59 with the equation,
H⫽H 0 关 1⫺B 3/2共 T/T C 兲 3/2⫺C 5/2共 T/T C 兲 5/2兴 ,

FIG. 9. The temperature dependence of the site weighted average hyperfine fields in Er2Fe17 共a兲 and Er2Fe17H3.8 共b兲. The error
bars are approximately the size of the data points.

with increasing x in agreement with the lattice expansion
upon hydrogen insertion and the presence of near-neighbor
hydrogen atoms for the 12j and 12k sites. A slightly more
substantial increase in the 6g, 12j, and 12k isomer shifts
was observed14 in the Dy2Fe17Hx compounds. This slight difference between the two series of compounds is likely to
result from the lattice contraction along the lanthanide series.
As is shown in Fig. 8, the 6g, 12j, and 12k isomer shifts are
markedly larger for x equal to 3 and 3.8, than for x less than
3. This increase is believed to result from the filling of the
tetrahedral 12i sites by hydrogen, a filling which has begun
to occur even for x equal to 3.
The temperature dependence of the site weighted average
hyperfine fields is shown in Figs. 9共a兲 and 9共b兲 for Er2Fe17
and Er2Fe17H3.8, respectively. The other hydrides shown
similar Brillouin-type behavior for their hyperfine fields. The
sequence of hyperfine fields, 4e⬎4 f ⬎6g⬎12j⬎12k, is
identical to the sequence observed in the hydrides10–14 of
R 2 Fe17, where R is Ce, Pr, Nd, Sm, Gd, and Dy, and agrees
with the decrease in the number of iron near neighbors, 10
⫽10⬎9⫽9⬎8.

共1兲

where H 0 and T C are the saturation field and the magnetic
ordering temperature, respectively. The T 3/2 term in this
equation has its origin60 in the excitations of longwavelength spin waves. The B 3/2 coefficients vary between
0.06 and 0.13 for the five sites in Er2Fe17H3.8, values which
are comparable to the values of 0.11 and 0.12 observed61 for
␣-iron and nickel and indicate spin waves of similar wavelength. In the fits shown in Fig. 9共b兲 the T 5/2 term is unusually large with C 5/2 coefficients of ca. 0.4. These large coefficients probably arise because of the proximity of the
magnetic ordering temperature. Indeed, the equation is
known to be most applicable at temperatures well below the
ordering temperature. This limited applicability range also
prevents the application of this equation to the temperature
dependence of the fields in Er2Fe17, fields which are shown
in Fig. 9共a兲. A plot of the reduced weighted average hyperfine field versus the reduced temperature for Er2Fe17 follows
quite closely a Brillouin curve for S⫽3/2.
There is relatively little variation in the 85 K hyperfine
fields with hydrogen content as is indicated in Fig. 10, except
for the small increases in the fields for x⫽3.8. This increase
is no doubt a result of the filling of the 12i sites by hydrogen.
The 4.2 K spectrum of Er2Fe17H3.8, see Fig. 5, indicates
that the interstitial hydrogen atoms which partially occupy
the interstitial 12i sites are jumping between these sites on
the Mössbauer time scale of ca. 10⫺7 s. If these interstitial
hydrogen atoms were static on this time scale, the 12k sites
would be divided into eight sites with one tetrahedral interstitial hydrogen near neighbors and four sites with no tetrahedral interstitial hydrogen near neighbors and the sextet assigned to the 12k site would have to be subdivided into two
sextets with a two to one area ratio. Such a subdivision of the
12k sextet is not necessary to obtain an excellent fit of the
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4.2 K spectrum and we conclude that, even at 4.2 K, there is
no evidence that the tetrahedral interstitial hydrogen becomes static on the Mössbauer time scale, a behavior which
is similar to the dynamic behavior observed10,11,14 in
Pr2Fe17H4, Nd2Fe17H5, and Dy2Fe17H3.8.
V. CONCLUSIONS

In Ce2Fe17, Pr2Fe17, Nd2Fe17, and Dy2Fe17 the increase in
the c lattice parameter with increasing hydrogen content reflects the filling of the tetrahedral interstitial sites with hydrogen atoms. In Er2Fe17, this increase is more subtle and
suggests that the filling of the tetrahedral 12i sites in disordered hexagonal Er2Fe17 begins at slightly less than three
hydrogen atoms per formula unit because both the lanthanide
contraction and the excess iron stoichiometry hamper the
filling of some of the interstitial octahedral 6h sites. This
suggestion is also supported by the compositional dependence of the isomer shifts in Er2Fe17Hx .
The insertion of hydrogen in Er2Fe17 increases the magnetic ordering temperature as well as the saturation magnetization; the enhancement of the magnetization is more significant at room temperature because of the increase in the
ordering temperature. Both ac susceptibility and Mössbauer
spectral results indicate that, in contrast to carbon or nitrogen
insertion or metal substitution, hydrogen insertion does not
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induce a spin-reorientation in Er2Fe17. Further, because of
atomic disorder, the Mössbauer spectral fits require a specific
sextet which is assigned to iron occupying the 4e site and is
characterized by hyperfine parameters very similar to those
of the 4 f site, an assignment which is in agreement with the
identical site symmetry of the two sites and the identical
near-neighbor environments and similar bond distances of
the two sites.
Because the hydrides Pr2Fe17Hx , with x⭓3, show an
axial magnetization below their spin-reorientation temperature and the hydrides Dy2Fe17Hx and Er2Fe17Hx do not, it
would be interesting to investigate the rear-earth solid solutions, Pr2⫺y Dyy Fe17Hx and Pr2⫺y Ery Fe17Hx for the existence
of a spin reorientation.
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